Cryptochromes are blue light receptors regulated by lightdependent ubiquitination and degradation in both plant and animal lineages. The Arabidopsis genome encodes two cryptochromes, CRY1 and CRY2, of which CRY2 undergoes blue light-dependent ubiquitination and 26S proteasomedependent degradation. The molecular mechanism regulating blue light-dependent proteolysis of CRY2 is still not fully understood. We found that the F-box proteins ZEITLUPE (ZTL) and Lov Kelch Protein2 (LKP2), which mediate blue light suppression of degradation of the CRY2 signaling partner CIB1, are not required for the blue light-dependent CRY2 degradation. We further showed that the previously reported function of the COP1-SPA1 protein complex in blue light-dependent CRY2 degradation is more likely to be attributable to its cullin 4 (CUL4)-based E3 ubiquitin ligase activity than its activity as the cryptochrome signaling partner. However, the blue light-dependent CRY2 degradation is only partially impaired in the cul4 mutant, the cop1-5 null mutant and the spa1234 quadruple mutant, suggesting a possible involvement of additional E3 ubiquitin ligases in the regulation of CRY2. Consistent with this hypothesis, we demonstrated that the blue light-dependent CRY2 degradation is significantly impaired in the temperature-sensitive cul1 mutant allele (axr6-3), especially under the nonpermissive temperature. Based on these and other results presented, we propose that photoexcited CRY2 undergoes Lys48-linked polyubiquitination catalyzed by the CUL4-and CUL1-based E3 ubiquitin ligases.
Introduction
Arabidopsis cryptochrome2 (CRY2) is a blue light receptor mediating light-dependent de-etiolation in young seedlings and photoperiod-dependent floral initiation in adult plants . CRY2 is a nuclear photoreceptor that mediates light regulation of plant growth and development by interacting with its signaling partners, including the CIB (CRY-interacting basic helix-loop-helix) transcription factors, PIFs (phytochrome-interacting factors) and the COP1 (CONSTITITIVE PHOTOMORPHOGENSIS 1)-SPA1 (SUPPRESSOR OF PHYA-105) complex (Liu et al. 2008 , Keller et al. 2011 , Zuo et al. 2011 , Huang et al. 2014 , Ma et al. 2016 . Of the two Arabidopsis cryptochromes, CRY2 undergoes rapid ubiquitination and proteolysis in response to blue light (Ahmad et al. 1998 . CRY2 is a stable protein in etiolated seedlings with a half-life of >24 h. However, CRY2 is rapidly degraded in etiolated seedlings exposed to blue light, with a markedly shortened half-life of approximately 25 min under a modest intensity of blue light (16 mmol m -2 s -1 ) (Yu et al. 2007a) . It has been shown that CRY2 undergoes blue lightdependent polyubiquitination and 26S proteasome-dependent degradation that serves as a negative feedback regulatory mechanism of the CRY2 photoreceptor (Yu et al. 2007a . However, the molecular mechanism underlying blue light-dependent CRY2 polyubiquitination and degradation is still not fully understood.
For example, it has been hypothesized that CRY2 acts as its own photoreceptor mediating its blue light-dependent ubiquitination and degradation, because CRY2 degradation is dependent on blue light-induced phosphorylation, nuclear compartmentation and the light-induced conformational changes of CRY2. A more detailed analysis showed recently that the blue light-induced CRY2 degradation was reduced modestly in the phyA mutant (Weidler et al. 2012) . The effect of phyA on CRY2 degradation is probably due to the regulatory role of phyA of SPA1, which is part of the COP1 E3 ligase complex known to be partly required for CRY2 degradation (Shalitin et al. 2002) . However, it remains unclear whether the other blue light receptors, such as phototropins, ZEITLUPE (ZTL), Lov Kelch Protein2 (LKP2) or Flavin-binding Kelch Repeat F-box1 (FKF1), may be involved in the blue light-dependent CRY2 ubiquitination and degradation. The F-box LOVdomain proteins ZTL, LKP2 and FKF1 are FMN-containing blue light sensors known to regulate the nuclear proteins associated with light signaling and the circadian oscillator in plants (Ito et al. 2012) . ZTL is the substrate receptor of the CUL1-based E3 ligase that targets TOC1 and PRR proteins for ubiquitination and degradation (Mas et al. 2003 , Kiba et al. 2007 , Harmon et al. 2008 . Furthermore, ZTL and LKP2 also play an important role in CRY2 signaling. We have previously shown that the CRY2 signaling proteins CIB1, CIB2, CIB4 and CIB5 are ubiquitinated and degraded in the dark, and that ZTL/LKP2 mediate blue light inhibition of the degradation of CIB proteins (Liu et al. 2008 , Liu et al. 2013 . Given that CRY2 interacts with CIBs in response to blue light, that ZTL and LKP2 mediate blue light suppression of degradation of the CIB proteins and that ZTL is a known blue light receptor and the substrate receptor of the E3 ubiquitin ligase, it is of particular interest to determine whether ZTL and its related F-box proteins might play roles in the blue lightdependent ubiquitination and degradation of CRY2.
Protein polyubiquitination is accomplished by ubiquitinubiquitin linkages at any of the seven lysine residues of ubiquitin, including K63, K48, K33, K29, K11 and K6, whereby the isopeptide bonds form between the C-terminal glycine of the incoming ubiquitin monomer and the e-amino group of a lysine residue of the ubiquitin attached to the substrate (Vierstra 2009 , Kim et al. 2013 , Walsh and Sadanandom 2014 . Different types of ubiquitin-ubiquitin linkages have different consequences for the ubiquitinated substrates. K48-and K11-linked ubiquitin chains often target proteins for degradation by the 26S proteasome, whereas other types of linkages may serve other functions, including regulation of substrate compartmentation and activity (Vierstra 2009 , Kim et al. 2013 , Walsh and Sadanandom 2014 . The Arabidopsis ubiquitylome contains at least 950 proteins, with the detectable abundance of K48 and K11 linkage changed most significantly in response to the treatment with the proteasome inhibitor MG132, suggesting their involvement in the 26S proteasome-dependent proteolysis (Kim et al. 2013) . However, most of the well-established light signaling proteins, including CRY2, are not among the presently detectable ubiquitylome, presumably because of the relatively low abundance of the light signaling proteins. Therefore, the nature of the ubiquitin-ubiquitin linkage of the polyubiquitination of CRY2 remains unclear.
The cullin-based E3 ubiquitin ligases are the major groups of multimeric E3 ligases (Choi et al. 2014) . The Arabidopsis genome encodes at least five cullins, CUL1, CUL2, CUL3a, CUL3b and CUL4 (Choi et al. 2014) . It is not clear how many E3 ubiquitin ligases are involved in the blue light-dependent ubiquitination and degradation of CRY2 in Arabidopsis. Animal cryptochromes are often ubiquitinated by multiple E3 ligases. For example, at least two CUL1-based E3 ligases, SCF fbxl3 and SCF fbxl21 , are known to catalyze the clock-dependent ubiquitination and proteolysis of mammalian cryptochromes in the nucleus and cytosol, respectively (Busino et al. 2007 , Hirano et al. 2013 , Yoo et al. 2013 . Moreover, both CUL4-based and CUL1-based E3 ubiquitin ligases may be required for light-dependent ubiquitination and degradation of the Drosophila cryptochrome (Peschel et al. 2009 , Ozturk et al. 2011 . It has been shown that the COP1-SPA1 complex is required for the blue light-dependent CRY2 degradation (Shalitin et al. 2002 , Weidler et al. 2012 , Huang et al. 2014 , Chen et al. 2015 . However, the COP1-SPA1 complex also plays significant roles in the cryptochrome-dependent signal transduction (Liu et al. 2008 , Zuo et al. 2011 , Huang et al. 2014 . Therefore, it remains unclear whether the function of the COP1-SPA1 complex in CRY2 degradation is directly associated with its CUL4-based E3 ligase activity or indirectly associated with its function as the CRY2 signaling partner. For example, a recent discovery of a modest reduction of CRY2 degradation in the phyA mutant would be consistent with the role of phyA in regulating the activity of the SPA1-COP1 complex Deng 2012, Weidler et al. 2012 ). This possibility further argues for the need to clarify the exact role of the COP1-SPA1 complex in blue light-dependent CRY2 degradation.
We report here a genetic study of blue light-dependent CRY2 ubiquitination and degradation. We found that the blue light receptors phototropins, ZTL, LKP2 and FKF1, are not required for the blue light-dependent CRY2 degradation. We established that CUL4 is required for the blue light-dependent CRY2 degradation, suggesting that the CUL4-based SPA1-COP1 E3 ligase is involved the blue light-induced CRY2 ubiquitination. However, we showed that the blue light-dependent CRY2 degradation is only partially impaired in both the spa1234 quadruple mutant and the cop1-5 null mutant, indicating the involvement of additional E3 ligase(s). Consistent with this hypothesis, we demonstrated that the blue light-dependent CRY2 proteolysis is impaired in the conditional axr6-3 allele of the cul1 mutation, although CRY2 degradation is not affected by the cul2 or cul3 mutations. These results argue that in addition to the CUL4-based COP1-SPA1 E3 ubiquitin ligases, a CUL1-based E3 ligase may also be involved in blue light-dependent CRY2 ubiquitination and degradation in Arabidopsis.
Results
The F-box LOV-domain proteins ZTL, LKP2 and FKF1 are not required for the blue lightdependent CRY2 ubiquitination
The F-box LOV-domain proteins ZTL, LPK2 and FKF1 have been shown to act as blue light receptors in plants (Kim et al. 2007 , Ito et al. 2012 ). In addition, given that F-box proteins act as the substrate receptors of E3 ligases catalyzing cryptochrome ubiquitination in metazoa (Busino et al. 2007 , Hirano et al. 2013 , Yoo et al. 2013 , that ZTL is a known E3 ligase targeting lightregulated proteins for ubiquitination and degradation (Mas et al. 2003) , and that ZTL and LKP2 mediate blue light regulation of 26S-dependent degradation of the CRY2 signaling proteins CIBs (Liu et al. 2013) , it is of particular interest to determine whether ZTL and the related F-box proteins might be involved in the blue light-dependent CRY2 degradation. We tested this possibility by comparing the CRY2 stability in the wild-type plant, the ztl-3 null mutant, the ztl/lkp2 double mutant and the ztl/lkp2/fkf1 triple mutant (Fig. 1) . As expected, CRY2 is degraded in 7-day-old etiolated wild-type seedlings exposed to blue light (5 mmol m -2 s -1 ) (Fig. 1) . However, CRY2 appears to degrade normally in response to blue light in the ztl-3 null mutant, the ztl/lkp2 double mutant and the ztl/lkp2/fkf1 triple mutant, suggesting the lack of direct involvement of these F-box blue light receptors in CRY2 ubiquitination. The phot1phot2 double mutant impaired in the other type of blue light receptors, PHOT1 and PHOT2, also seems not to affect the blue light-dependent CRY2 degradation. These results are consistent with the hypothesis that CRY2 mediates blue light regulation of its own ubiquitination and degradation.
We next examined CRY2 degradation in mutants impaired in genes encoding important regulators of the circadian clock (CCA1, LHY, TOC1, ELF3 and GI), formation of the nuclear body (photobody) of phytochromes (HEMERA) and flowering time control (CO, FT, FD and FLC) . Those genes are either regulated by the blue light receptors ZTL (such as TOC1) or CRY2 (such as FT) or they are involved in the cellular activities associated with the functions of ZTL (such as TOC1) or CRY2 (such as CO and HEMERA). Therefore, it is interesting to examine whether those genes may impose possible cross-talk or feedback regulation of CRY2 ubiquitination and degradation. Our results showed that none of the 11 mutants tested affects blue light-dependent CRY2 degradation ( Supplementary Figs. S1, S2 ). For example, HEMERA is required for the formation of phytochrome photobodies, which interacts with phytochromes and PIF proteins to regulate phytochrome function and regulation (Chen et al. 2010b , Galvão et al. 2012 , Qiu et al. 2015 . Photoexcited CRY2 also forms a photobody, and it has been reported that formation of the CRY2 photobody is associated with CRY2 degradation in response to blue light (Mas et al. 2000 , Yu et al. 2009 ). However, Supplementary Fig. S1 shows that the blue lightdependent CRY2 degradation is not affected in the hmr mutant, suggesting that the HEMERA-dependent photobody formation process is not required for the blue light-dependent CRY2 ubiquitination and degradation (Yu et al. 2009 , OzkanDagliyan et al. 2013 . Similarly, no apparent defect in the blue light-dependent CRY2 degradation was detected in the circadian clock mutants toc1, cca1lhy, prr1579 and elf3 ( Supplementary Fig. S1 ), or in the flowering-time mutants co, ft, tsf, gi, fd and flc ( Supplementary Fig. S2 ). These results suggest that the phytochrome-dependent light signaling, the ZTL-dependent light signaling, the circadian clock and the flowering time regulators do not play significant roles in the blue light-dependent CRY2 degradation. Based on these results, we hypothesize that the blue light-dependent ubiquitination of CRY2 most probably results from conformational changes of the photoexcited CRY2.
CRY2 polyubiquitination involves K48 linkage of ubiquitins
CRY2 is known to be polyubiquitinated (Yu et al. 2007a ), but the nature of the ubiquitin linkages of the blue light-dependent CRY2 polyubiquitination remains unclear. Polyubiquitination results from formation of the isopeptide bonds connecting the C-terminal glycine of the incoming ubiquitin monomer and the e-amino group of one of the seven lysine residues (K63, K48, K33, K29, K11 and K6) of ubiquitin attached to the substrate protein (Vierstra 2009 , Kim et al. 2013 , Walsh and Sadanandom 2014 . Because the K48 linkage is best known for targeting ubiquitinated proteins for degradation (Vierstra 2009 , Kim et al. 2013 , Walsh and Sadanandom 2014 , we investigated the possible involvement of the K48 linkage in the blue light-dependent CRY2 degradation by a previously reported genetics approach, the ubR48 method (Schlögelhofer et al. 2006) . In this experiment, the possible effect of expression of the ubR48 ubiquitin mutant, which contains arginine instead of lysine at position 48 (K48), on the blue light-dependent CRY2 degradation was examined in the transgenic plants expressing the dexamethasone (DEX)-inducible ubiquitin mutant ubR48 (Schlögelhofer et al. 2006) . Because the mutant ubiquitin ubR48 cannot form the normal K48-dependent ubiquitin linkage and because ubR48 competes with the endogenous ubK48 ubiquitin, DEX-induced expression of ubR48 is expected to inhibit ) for the durations indicated. Samples were fractionated in 10% SDS-polyacrylamide gels. Immunoblots were probed with anti-CRY2 antibody (CRY2), stripped and re-probed with anti-HSP90 antibody (HSP90) or anti-CRY1 antibody (CRY1) as the loading control. Due to uncontrolled exposure time of ECL (enhanced chemiluminescence) between different immunoblots, the relative level of CRY2 is comparable only within the same immunoblot.
polyubiquitination of proteins polyubiquitinated via the K48-dependent ubiquitin linkage. As reported previously, the ubR48 transgenic seedlings grew normally in the absence of DEX ( Fig.  2A, -DEX) , or shortly after DEX treatment ( Fig. 2A , +DEX, Day 1.5). In contrast, seedlings became yellowish upon treatment with DEX for a prolonged time ( Fig. 2A , +DEX, Day 10), which has been previously reported to result from the ubR48-dependent impairment of protein ubiquitination and consequently programmed cell death (Schlögelhofer et al. 2006) . To test the effects of induced expression of the ubR48 mutant on the blue light-dependent CRY2 degradation, seedlings were grown in long days (LDs) for 5 d, and treated with DEX (0.3 mM). After DEX treatment, seedlings were transferred to red light for 1.5 d, and exposed to blue light for 15-120 min before sample collection (Fig. 2B, C) . As shown in Fig. 2 , CRY2 was rapidly degraded in response to blue light in the ubR48 seedlings without DEX treatment. In contrast, the blue light-dependent CRY2 degradation is suppressed in the ubR48 seedlings treated with DEX undergoing the same blue light treatment as the control (Fig.  2B, C) . Fig. 2 shows that CRY2 degradation is significantly reduced (P < 0.01) in the ubR48 plants treated with 0.3 mM DEX and exposed to blue light (5 mmol m -2 s -1 ) (Fig. 2C) . CRY2 also exhibited markedly increased stability under a higher fluence rate of blue light in the DEX-treated ubR48-expressing seedlings (Fig. 2C) . Our result is best explained by CRY2 being primarily polyubiquitinated via the K48 ubiquitin linkage in response to blue light.
The CUL4-based COP1-SPA1 E3 ubiquitin ligase is partially responsible for the blue light-dependent CRY2 degradation
The COP1-SPA1 complex plays an important role in CRY2 signal transduction, it has CUL4-based E3 ligase activity and it is required for blue light-dependent CRY2 degradation (Shalitin et al. 2002 , Chen et al. 2010a , Lau and Deng 2012 , Weidler et al. 2012 . It is not known whether the E3 ligase activity or the cryptochrome signaling activity of the COP1-SPA1 complex is involved in the COP1-SPA1-dependent regulation of CRY2 degradation. We reasoned that if the involvement of the COP1-SPA1 complex in blue light-dependent CRY2 degradation is directly attributable to its CUL4-based E3 ligase activity, the stability of CRY2 should be affected by mutations of the CUL4 gene. Because a null cul4 mutant has not been reported, we analyzed CRY2 degradation in the cul4-1 hypomorphic allele, which has a T-DNA insertion in the 12th intron. The cul4-1 mutant is a weak allele that exhibited reduced CUL4 expression and a weak constitutive photomorphogenic phenotype. The constitutive photomorphogenic phenotype of the cul4-1 mutant was partially explained by impeding the function of the CUL4-based COP1-SPA1 E3 ubiquitin ligase activity (Bernhardt et al. 2006) . We examined the blue light-dependent CRY2 degradation in the cul4-1 mutant using dark-adapted samples exposed to blue light (Fig. 3) , which showed generally slower CRY2 degradation than that of the etiolated seedlings exposed to blue light (Fig. 1) . As shown in Fig. 3 , the blue lightdependent CRY2 degradation is indeed impaired in the cul4-1 mutant under the different fluence rates of blue light tested. In comparison with that of the wild-type plants, the protein stability of CRY2 is clearly elevated in cul4-1 mutant seedlings exposed to blue light of a modest fluence rate (15 mmol m -2 s -1 ) (Fig. 3A) . Similarly, CRY2 degradation is significantly reduced (P < 0.01) in the cul4-1 mutant exposed to blue ) (Fig. 3B) . These results argue strongly that the requirement for the COP1-SPA1 complex in blue light-dependent CRY2 degradation is most probably attributed to its CUL4-based E3 ubiquitin ligase activity.
The important role of COP1 in CRY2 degradation was previously revealed by a study of the cop1 hypomorphic alleles (cop1-4 and cop1-6) (Shalitin et al. 2002) , but it remains unclear whether COP1 is the only E3 ligase catalyzing blue light-dependent CRY2 ubiquitination. To investigate this question, we examined CRY2 degradation in the cop1-5 null mutant allele (Ang and Deng 1994) . Because the homozygous individuals of the cop1-5 allele are lethal at the seedling stage, this mutant is maintained as seeds harvested from heterozygous plants (Ang and Deng 1994) . Because seeds homozygous for the cop1-5 mutation exhibit a dark-purple color (Ang and Deng 1994) , we isolated the dark-purple cop1-5 seeds from populations of seeds harvested from the heterozygous cop1-5 parent. We germinated those cop1-5 homozygous mutant seeds in red light for 5 d, exposed them to blue light and analyzed CRY2 degradation (Fig. 4) . Fig. 4 shows that, as reported previously in the cop1 weak alleles (Shalitin et al. 2002) , the CRY2 protein is clearly more stable in the cop1-5 mutant plants than in the wild-type plants (Fig. 4) . On the other hand, CRY2 still exhibited blue light-dependent degradation in the cop1-5 null mutant, especially when seedlings were exposed to higher fluence rates of blue light (Fig. 4B) . This result indicates that the complete loss of function of COP1 in the cop1-5 mutant failed to abolish blue light-dependent CRY2 degradation completely. We next examined the effects of SPA proteins, which are components of the COP1-SPA ligases, in blue light-dependent CRY2 degradation. Arabidopsis encodes four SPA1-related proteins, referred to as SPA1-SPA4 (Laubinger et al. 2004 ), and we examined whether elimination of multiple SPA1-related genes might completely abolish the blue light-dependent CRY2 degradation. Under our experimental conditions, there seems to be no significant change in the stability of CRY2 in the spa123, spa134 and spa234 triple mutants examined (Fig. 5A ). In contrast, the blue light-dependent CRY2 degradation is markedly impaired in the spa1234 quadruple mutants, suggesting that the four SPA proteins act redundantly in mediating COP1-dependent degradation. The spa triple mutants show much less CRY2 degradation than the wild-type seedlings under low fluence rates of blue light (Weidler et al. 2012) , and in the present study higher fluence rates (at least 5 mmol m -2 s -1 ) were applied. Importantly, as observed in the cop1-5 null mutant (Fig. 4) , the blue light-dependent CRY2 degradation was severely impaired but not completely abolished in the spa1234 quadruple mutants (Fig. 5B) . This observation is consistent with the notion that the CUL4-based COP1-SPA ligases are not the only E3 ligase catalyzing blue light-dependent CRY2 ubiquitination and degradation. In addition to the COP1-SPA1 substrate receptor complex, a CUL4 E3 ligase also contains the DDB1 (DNA DAMAGED BINDING PROTEIN 1) bridge protein (Chen et al. 2010a , Lau and Deng 2012 , Choi et al. 2014 ). However, similar to the SPA proteins, the DDB subunits of the CUL4-based ligase may also function redundantly, because CRY2 exhibited normal blue light-dependent degradation in the ddb1a, ddb1b and ddb2 monogenic mutants ( Supplementary Fig. S3 ). Taking these results together, we propose that, in addition to the CUL4-based COP1-SPA E3 ubiquitin ligases, additional E3 ligase(s) are involved in the blue light-dependent CRY2 ubiquitination and degradation. ) for the times indicated before sample collection. Samples were fractioned in 10% SDS-polyacrylamide gels and blotted. The immunoblots were probed with anti-CRY2 antibody (CRY2), stripped and re-probed with anti-HSP90 antibody (HSP90) as the loading control. The relative band intensities of CRY2 in the seedlings of Col-4 or spa1234 treated with blue light for the times indicated were normalized (against HSP90), quantified and aree presented as CRY2 Blue /CRY2 Dark .
A CUL1-based E3 ligase is involved in the blue light-dependent CRY2 ubiquitination and degradation
To test the hypothesis that E3 ligases in addition to the CUL4-COP1-SPA1 complex is involved in the blue light-dependent CRY2 ubiquitination and degradation, we analyzed CRY2 degradation in mutants impaired in genes encoding other cullin isoforms. Supplementary Fig. S4 shows that the blue lightdependent CRY2 degradation is not impaired in the cul2 mutant, suggesting that the CUL2-based E3 ubiquitin ligases may not be directly involved in CRY2 ubiquitination. We also examined the cul3a and cul3b monogenic mutants and the cul3acul3aCUL3bcul3b double mutant allele ( Supplementary  Fig. S4 ). Because the homozygous cul3acul3b double mutant is embryo lethal (Thomann et al. 2005) , we examined cul3acul3aCUL3bcul3b that is homozygous for cul3a but heterozygous for cul3b ( Supplementary Fig. S4 ). Again, no apparent defect of the blue light-dependent CRY2 degradation was detected in these mutants. Therefore, CUL3-based E3 ligase may also not participate directly in the blue light regulation of CRY2 stability. We next examined whether CUL1-based ligases may be involved in the blue light-dependent CRY2 degradation in the temperature-sensitive cul1 (axr6-3) allele (Quint et al. 2005) . The null alleles of the CUL1 gene are embryo lethal, whereas the axr6-3 allele is viable (Quint et al. 2005) . The axr6-3 allele is a recessive missense mutation (E159K) of the CUL1 gene (Quint et al. 2005) . The activity of CUL1 in the axr6-3 mutant declines progressively with increasing ambient temperature, resulting in more severe defects in CUL1-based E3 ligases at elevated (or non-permissive) temperatures (Quint et al. 2005) . Among many different phenotypic defects, the axr6-3 mutant exhibited increased sensitivity to far-red light-dependent hypocotyl inhibition and reduced sensitivity of the far-red light-dependent PHYA degradation at 23 C, indicating that the CUL1-based E3 ubiquitin ligase(s) plays important roles in photomorphogenesis even at normal temperatures (Quint et al. 2005) .
We first compared the morphological phenotypes of the axr6-3 mutant and the wild-type plants grown at lower (20 C) and higher (28 C) ambient temperature under different light conditions. The adult plants of the axr6-3 mutant grown under a LD photoperiod illuminated by white light exhibited a dwarf phenotype at the normal growth temperature of 20 C ( Supplementary Fig. S5A ). In the next experiment, the wild-type and axr6-3 seedlings were germinated and grown in the dark for 5 d at the normal temperature (20 C), then treated with two different temperatures (20 or 28 C) in the dark or continuous blue light (10 mmol m -2 s -1 ) for a further 3 d before phenotype analyses. Fig. 6 shows that, at 20 C, the axr6-3 mutant seedlings exhibited a slightly shorter hypocotyl than that of the wild-type seeding in both the dark and blue light (Fig. 6A, B) . However, at 28 C, the axr6-3 mutant seedlings exhibited a more obvious constitutive photomorphogenic phenotype in the dark, because the axr6-3 mutant seedlings developed expanded cotyledons and a shorter hypocotyl in the absence of light (Fig. 6A, B , Dark, 28 C). When grown under continuous blue light at the higher temperature, the axr6-3 mutant exhibited a strong hypersensitivity to blue light by developing markedly shorter hypocotyls than that of the wildtype seedling (Fig. 6A, B , Blue, 28 C). For example, the average lengths of hypocotyls of the axr6-3 mutant seedlings grown in the dark at 28 C is about 55% that of the wild-type seedlings, whereas the average lengths of hypocotyls of the axr6-3 mutant seedlings is only about 15% that of the wild-type seedlings grown in blue light (10 mmol m -2 s -1
) at 28 C (Fig. 6B) . The more severe constitutive or hypersensitive photomorphogenic phenotypes of the axr6-3 mutant grown at 28 C are consistent with the more severe defect of this mutation in the CUL1-based protein ubiquitination processes at higher temperatures (Quint et al. 2005) .
We next examined the blue light-dependent CRY2 degradation at different temperatures in the axr6-3 mutant. In this experiment, etiolated seedlings grown at 20 or 28 C were treated with blue light (5 mmol m -2 s -1
) for 15-120 min, and CRY2 stability was analyzed by immunoblot (Fig. 6C, D) . Fig. 6 shows that CRY2 was degraded normally in response to blue light in the axr6-3 mutant seedlings grown at 20 C (Fig. 6C ). In contrast, the blue light-dependent CRY2 degradation is modestly but significantly (P < 0.01) reduced in the axr6-3 seedlings grown at 28 C (Fig. 6D) . Given that the stability of CRY2 is determined by the blue light-dependent ubiquitination and 26S-dependent proteolysis (Shalitin et al. 2002 , Yu et al. 2007b , Yu et al. 2009 , Li et al. 2011 , Wang et al. 2015 , these results argue that a CUL1-based E3 ubiquitin ligase is probably also involved in the ubiquitination and degradation of CRY2 in response to blue light. We next compared the relative level of the CRY2 protein in the axr6-3 seedlings grown under continuous blue light (10 mmol m -2 s -1 ) (Fig. 6E, F) . In contrast to that observed in etiolated seedlings exposed to blue light (Fig. 6C,  D) , the axr6-3 mutant seedlings grown under continuous blue light accumulated a significantly higher (P < 0.01) level of the CRY2 protein in the axr6-3 seedlings at both the permissive temperature of 20 C and the non-permissive temperature of 28 C (Fig. 6E, F) . To examine whether this temperature-independent effect on CRY2 protein expression may result from changes of CRY2 mRNA expression, we compared levels of the CRY2 mRNA and CRY2 protein in the wild type and the axr6-3 mutant seedlings grown at 28 C under continuous blue light (10 mmol m -2 s -1 ) for 2, 3, 4, 5, 6 and 7 d after germination ( Supplementary Fig. S5C, D) . The results of this experiment show that the axr6-3 mutant seedlings grown under continuous blue light accumulated significantly higher levels of CRY2 mRNA in the axr6-3 seedlings. We also compared the CRY2 mRNA level in etiolated wild-type and the axr6-3 mutant seedlings grown at 28 C exposed to blue light (5 mmol m -2 s -1 ) for 30, 60 and 90 min ( Supplementary Fig. S5E) . No difference in the CRY2 mRNA level was observed between the wild type and the axr6-3 mutant. These results suggest that the temperature-independent increase of CRY2 protein accumulation in plants grown under continuous blue light in the axr6-3 mutant is caused by an increase of CRY2 mRNA accumulation. Why the axr6-3 mutant causes increased CRY2 mRNA expression under continuous blue light remains to be studied further. However, it 2182 ). Eight-day-old seedlings grown under different temperatures (20 or 28 C) were collected. Samples were fractioned in 10% SDS-polyacrylamide gels and the immunoblots were probed with anti-CRY2 antibody (CRY2), stripped and re-probed with anti-HSP90 antibody (HSP90) as the loading control. Three independent experiments were carried out and the representative immunoblot (E) is shown. The relative band intensities of CRY2 were quantified, normalized against HSP90 and are presented as CRY2/HSP90, with the SD (n = 3) shown.
is worth noticing that, although the temperature-sensitive dwarf phenotype of the axr6-3 mutant (Fig. 6A) hinted that the defective axr6-3 allele of the CUL1 gene may impair the activities of multiple E3 ligases to different extents at different temperatures, we failed to detect any significant change of CRY2 protein level in axr6-3 mutants under both permissive and non-permissive temperature conditions (Fig. 6E) . One of the possible explanations for this observation might be that at the different temperatures, the impaired E3 ligases primarily affected the degradation speed in a sudden response rather than the steady-state level, which takes a long time to achieve, when the CRY2 concentration reached homeostasis in the cell.
Discussion
In the present study, we investigated genetic mechanisms underlying blue light-dependent ubiquitination and degradation of the blue light receptor CRY2. We showed that the blue light-dependent CRY2 degradation is suppressed by the conditional expression of the ubiquitin mutant ubR48, which is consistent with the hypothesis that CRY2 undergoes polyubiquitination primarily by the K48 ubiquitin-ubiquitin linkage. We also showed that neither the blue light receptor phototropins nor the blue light receptors ZTL, LKP2 and FKF1 is required for the blue light-dependent CRY2 degradation (Fig. 1) . The lack of involvement of ZTL-type blue light receptors in the blue light regulation of CRY2 degradation is interesting because ZTL is a known CUL1-based E3 ubiquitin ligase that regulates ubiquitination and degradation of not only clock proteins but also the CRY2-interacting protein CIBs (Liu et al. 2013 ). This result, together with our finding that none of the genes closely associated with the function of the circadian clock, photobody formation or flowering time control is required for the blue lightdependent CRY2 degradation, supports the notion that CRY2 acts as the photoreceptor to mediate blue light regulation of its own ubiquitination and degradation (Yu et al. 2007a , Wang et al. 2015 .
We further showed that the blue light-dependent degradation of CRY2 is impaired in the cul4-1 hypomorphic mutant, demonstrating that CUL4 is involved in CRY2 ubiquitination (Fig. 2) . This observation provides strong evidence supporting the hypothesis that the involvement of COP1-SPA1 in CRY2 degradation is due to the CUL4-based E3 ubiquitin ligase activity of this protein complex. However, our results showing that the blue light-dependent CRY2 degradation was not completely abolished in the cop1-5 null mutant or in the spa1234 quadruple mutant argue for the involvement of an additional E3 ubiquitin ligase in the blue light-dependent CRY2 ubiquitination (Figs 4, 5) . Consistent with this hypothesis, we showed that the blue light-dependent CRY2 degradation is also impaired in the temperature-sensitive cul1/axr6-3 mutant (Fig.  6) , which suggests a possible involvement of the CUL1-based E3 ubiquitin ligase in the regulation of CRY2. The notion that multiple E3 ubiquitin ligases may be involved in the modification and regulation of Arabidopsis CRY2 is reminiscent of the cryptochrome ubiquitination systems in other organisms, which may suggest an evolutionary benefit for such systems. For example, both CUL1-and CUL4-based E3 ligases are likely to be involved in the blue light-dependent ubiquitination and degradation of Drosophila cryptochrome (Peschel et al. 2009 , Ozturk et al. 2011 . Two competing CUL1-based E3 ligases, SCF fbxl3 and SCF fbxl21 , catalyze cryptochrome ubiquitination and degradation in different cellular compartments in mouse (Busino et al. 2007 , Hirano et al. 2013 , Yoo et al. 2013 . It was proposed that SCF fbxl21 promotes degradation of mCRY in the cytosol, whereas it antagonizes the activity of the stronger SCF fbxl3 in the nucleus to balance the relative levels of nuclear mCRY that determines the circadian period of the clock in mammals (Yoo et al. 2013) . We may expect similar utilities of the involvement of multiple E3 ubiquitin ligases in the blue light-dependent ubiquitination and degradation of plant cryptochromes. In Arabidopsis, the nuclear-localized CRY2 could form so-called photobodies in response to blue light, associated with its blue light-dependent degradation (Yu et al. 2009 ). Interestingly, CRY2 and SPA1 have been reported to co-localize in the nuclear bodies (Lian et al. 2011) , which argues that SPA1-COP1-dependent degradation of CRY2 may occur in the nuclear bodies. Although there is no evidence to demonstrate the subcellular co-localization pattern of CUL1 and CRY2 proteins, it would be interesting to investigate the locations where CRY2 is degraded through the CUL1-dependent pathway. Finally, it is interesting that the axr6-3 mutant allele impairs both the farred light-dependent degradation of phyA (Quint et al. 2005) and the blue light-dependent degradation of CRY2 (Fig. 6) . These results suggest that the CUL1-based E3 ubiquitin ligase is involved in the light regulation of the stability of both phytochromes and cryptochromes. A direct test of this hypothesis would require identification of the possible CUL1-based E3 ligases involved in light-dependent degradation of phyA and CRY2.
Materials and Methods

Plant materials
The wild types used in this study are: Col-4 (Columbia-4), Ler (Landsberg erecta) and WS (Wassileskija). Mutants used here are: axr6-3 (Quint et al. 2005) , cul2 (SALK_012144C), cul3a (SALK_050756C), cul3b (GABI_003D02), cul3acul3aCUL3bcul3b (Thomann et al. 2005) , cul4-1 (Bernhardt et al. 2006) , ddb-1a (SALK_038757C), ddb-1b (SALK_061944C), ddb2 (SALK_038892C), det1 (CS874643), spa123, spa124, spa134 and spa1234 (Laubinger et al. 2004 ), cop1-5 (CS6259), hmr-2 (Chen et al. 2010b ), ubR48 (Schlögelhofer et al. 2006 ), toc1-2 (Ito et al. 2007 ), elf3-1 (Zagotta et al. 1992 ), cca1-1lhy1-1 (Mizoguchi et al. 2002) , prr1579 (a gift from Takeshi Mizuno's lab), fwa-1 (CS106), flc-3 (Redei 1962 ), ztl-3 (Somers et al. 2004 , ztl-4lkp2-1 and ztl-4lkp2-1fkf1-2 (Baudry et al. 2010 ), phot1-5phot2-1 (Kagawa et al. 2001) , co-9 (Balasubramanian et al. 2006) , ft-10 (CS9869), gi-1 (CS3123), fd-1(CS53) and ft-10/tsf-1 (Jang et al. 2009 ).
Immunoblot analyses
To analyze levels of the CRY2 protein, seeds were sterilized for 15 min in 75% ethanol with 0.05% Triton X-100 (T9284, Sigma) and in 100% ethanol for 2 min, and dried in a vacuum machine for 30 min. After imbibition for 4 d in the dark at 4 C, seeds were exposed to white light for 24 h before being transferred to red light or darkness. After 2-7 d, seedlings were transferred to blue light of the indicated fluence rates and duration by LED (light-emitting diode) light. An LED was used to obtain monochromatic blue (peak 450 nm; half-bandwidth of 20 nm) and red light (peak 660 nm; half-bandwidth of 20 nm), and cool white fluorescent tubes were used for the white light in this study. After light treatment, seedling samples were collected for immunoblot analyses. The protein extracts were separated by 10% SDS-PAGE and transferred to an Immobilon NC Transfer Membrane (HATF00010, Millipore). The membrane was stained with Ponceau S red and blocked with 5% skimmed milk in PBST solution. After probing with primary and secondary antibodies, the membrane was incubated in the buffer supplied with the Super Signal West Pico Chemiluminescent substrate kit (Pierce) to detect signals derived from antibodies. The primary antibodies used in this study included: anti-CRY2 (1 : 3,000) , anti-CRY1 (1 : 3,000) ) and anti-HSP90 (1 : 5,000, sc-33755, Santa Cruz).
Supplementary data
Supplementary data are available at PCP online. 
